Specific antioxidants have previously been found to target particular reactive oxygen species. For example, histidine-dipeptides neutralize hypochlorite, while ascorbic acid targets peroxynitrite and ferulic acid scavenges hydroxyl radicals. In this study, we investigated the effects of a mixture of these antioxidants on oxidative stress in middle-aged men. Seventeen male volunteers ingested an antioxidant mixture containing histidine-dipeptides, vitamin C, and ferulic acid for 8 weeks. DNA damage in peripheral leukocytes was measured at 4-week intervals using comet assays. For comparison, oxidative status in twelve normal volunteers who did not ingest the test drink (control group) were examined. DNA damage was remarkably reduced at the 8-and 12-week follow-ups. Plasma LDL-cholesterol levels were also reduced at 8 weeks. In contrast, notable changes in DNA damage were not observed in the control group. In addition, the antioxidant mixture administered in this trial did not produce toxic effects on the liver, kidney, or pancreatic function. Thus, such antioxidant combinations may contribute to the maintenance of health in middleaged men. (ROS) generated from energy metabolism and immune processes (Marnett, 2003), antioxidants and enzymes play important roles in preventing aging and in the progression of chronic diseases such as hypertension, diabetes, other cardiovascular diseases, and cancer. Endogenous antioxidants, ubiquinones such as Coenzyme Q10 (CoQ10), and antioxidant enzymes, such as superoxide dismutase (SOD), glutathione peroxidase, and catalase, are all involved in mitochondrial and cytoplasmic defense systems and act to neutralize a variety of ROS (Chaudière Powers et al., 1999; Curtin et al., 2002) . Therefore, ingestion of sufficient quantities of naturally occurring antioxidants from the diet and supplements is also considered to be very important for suppressing the aging progress and ameliorating the risk of ROS-mediated chronic diseases. Accordingly, standard methods for measuring antioxidant activity in foods have been devised using artificial ROS, leading to informed recommendations for daily antioxidant intake (Aruoma et al., 2003; Prior et al., 2005) . However, only a few studies have directly indicated that antioxidants reduce the risk of chronic and degenerative diseases.
Introduction
Aging and chronic disease involve cellular apoptosis, which is promoted by reactive oxygen species (ROS) (Harman, 1972; Richter et al., 1995; Johnson et al., 1996) . Since ROS are constitutively For instance, although vitamin C and other hydrophobic polyphenolic compounds possess strong antioxidant and anti-genotoxic activities against specific ROS in vitro (Noroozi et al., 1998; Kontek et al., 2010) , human trials have often failed to demonstrate preventive effects on DNA oxidation (Retana-Ugalde et al., 2008) . Furthermore, methods for evaluating antioxidant activity in naturally occurring substances
have not yet been established.
Ironically, studies of antioxidants administrated alone and in combination have failed to demonstrate the prevention of chronic diseases, and have exhibited subsequent increases in the incidence of lung cancer and cardiovascular diseases in smokers (Gaziano et al., 2009; Heinonen et al., 1994; Hennekens et al., 1996) .
Nonetheless, the ingestion of naturally occurring antioxidants may contribute to the maintenance of oxidative balance in vivo, suggesting that further consideration of antioxidant ingestion is necessary to reduce the risk of ROS-mediated chronic diseases.
In human tissues, at least 5 types of ROS are constitutively generated (Marnett et al., 2003) ; however, it is not known which antioxidants are the most effective for each ROS. Hydrogen peroxide (H 2 O 2 ), a typical by-product of mitochondrial energy _ metabolism, is produced from superoxide-anions (O 2 ) by SOD.
Although H 2 O 2 is rapidly degraded to oxygen gas and water by _ catalase, O 2 and H 2 O 2 can lead to the formation of hydroxyl (HO·), hypochlorite (ClO·), and peroxynitrite (ONOO·) radicals. In the presence of Fe or Cu, hydroxyl radicals are generated from H 2 O 2 (Fenton's reaction) (Halliwell et al., 1987) , both hypochlorite and peroxynitrite radicals are produced by leukocytes, neutrophils, monoytes and macrophages (Winterbourn et al., 1985; Hazen et al., 1999) . It is widely accepted that hydroxyl, peroxynitrite, and hypochlorite radicals are the most pathologically relevant ROS and should therefore be the major targets of antioxidants that prevent DNA oxidation and associated cell death.
The histidine-dipeptides carnosine and anserine are distributed in active animal tissues and exhibit antioxidant activity (Boldyrev et al., 1988; Kohen et al., 1988; Hipkiss et al., 2000) . However, they are not considered strong antioxidants because physicochemical measurements generally indicate relatively low activities (Aruoma et al., 1989; Hirayama et al., 1997) . Consistent with the findings of Hipkiss et al. (1998) , we previously observed that histidinedipeptides from chicken meat specifically inhibited protein degradation by the ClO· radical and that ascorbic acid strongly scavenged the ONOO· radical in vitro (Yanai et al., 2008) . Furthermore, the polyphenolic antioxidant ferulic acid, which is slightly soluble in water, exhibits strong antioxidant activity against the HO· radical but weak activity against both the ClO· and ONOO· radicals. Based on these observations, it was hypothesized that an antioxidant combination including histidine-dipeptides, ascorbic acid, and a polyphenolic compound such as ferulic acid may effectively prevent oxidative stress caused by endogenous ROS in humans.
To test this hypothesis, we performed an open clinical trial of an antioxidant combination containing carnosine and anserine, ascorbic acid, and ferulic acid to determine effects on peripheral lymphocyte DNA damage in middle-aged men.
Materials and Methods
Study design. The primary endpoint of this study was to confirm whether the antioxidant combination resulted in an in vivo reduction of oxidative stress as reflected by the comet assay scores, which indicates ROS-mediated peripheral lymphocyte DNA damage. In addition, we surveyed how the reduction of oxidative stress influenced other clinical parameters, including glucose and fat metabolism. Referring to a previous study (Hróbjartsson and Gøtzsche, 2001) , a placebo-controlled system was not used in this study because the vehicle (mango juice) had no physiological effect in a preliminary double blind placebo-controlled crossover trial (n = 10 per each group), and ascorbic acid and carotenoids contents were < 3 mg and < 0.1 mg, respectively. In addition, several volunteers refused the consumption of mango juice alone for 8 weeks.
To determine the effects of the antioxidant combination on peripheral lymphocyte DNA damage, comet assay scores and blood biochemical parameters were measured before and after ingestion of the antioxidant mixture in the same subjects. Except for the comet assay and blood tests, which were performed on blindly selected blood samples, this study was conducted as an open trial.
All volunteers were allowed to smoke and drink alcoholic and/or caffeinated beverages such as green tea, coffee, and fruit juice, but were not allowed to consume additional antioxidant supplements containing vitamins A, C, or E, CoQ10, or histidine-dipeptides.
Subjects in the treatment group took a daily 50 mL dose of the test drink at appropriate times for 56 days (8 weeks). The test drink contained 400 mg of anserine-carnosine mixture from chicken extract (purity > 90%), 300 mg of ascorbic acid (V.C, reagent grade), 20 mg of ferulic acid (Tsuno Rice Fine Chemicals, Wakayama, Japan; purity > 95%), and 30 mL of mango juice. This formulation was prepared according to previous studies (Levine et al., 1996; Balasubashini et al., 2003) , and its safety was confirmed in animal experiments. Subjects in the control group did not receive the antioxidant mixture and were monitored for the same 12-week period while continuing their usual lifestyle with no changes in diet, smoking, and drinking or exercise habits. Fasting blood samples of all volunteers were taken at the Health Care Center of Tokyo Metal Industry Association (Chiyoda-ku, Tokyo, Japan) every 4 weeks.
Concomitantly, subjects submitted a monthly record of their drinking, smoking, and supplement intakes.
Volunteers. After obtaining approval from the Ethics Committee of Tokai Bussan Co., Ltd. and written informed consent from healthy volunteers, a total of 29 employees of Tokai Bussan Co., Ltd. were recruited in accordance with the Declaration of Helsinki. Healthy volunteers had not received any medical treatment and did not exhibit any abnormalities in clinical parameters. Exclusion criteria using the paired Student's t-test (two-tailed). Differences between treatment groups identified using analysis of variance (ANOVA) and
were considered significant when p < 0.05.
Results
Demographic data from volunteers is presented in Table 1 .
Mean age, body weight, height, BMI, and smoking habits were the same in test and control groups. No differences were observed in blood pressure or liver and kidney functions between the two groups. The volunteers did not consume antioxidant supplements or change their smoking or drinking habits during the trial. Subjects in the ingestion group received a test drink at breakfast (n = 11), lunch (n = 2) or dinner (n = 4), and consumed the full quantity within 60 days.
Initial comet assay scores were 15.1 in the test group and 17.4
in the control group and were slightly higher at 4 weeks. After 8 weeks, comet scores were significantly decreased in the ingestion group ( p = 0.045) and were slightly higher in the control group. At Data are presented as mean ± S.D. The paired Student's t-test was used for comparisons between 0 weeks and each follow-up time point. a : p = 0.072, b : p = 0.029 were further decreased from baseline scores in the treatment group ( p = 0.0018) but remained higher in the control group (Fig. 1) .
These results, using paired Student's t-tests, were in good agreement with the results obtained using the ANOVA test.
Baseline comet scores were higher among smokers (n = 17, 17.5 ± 7.6) than non-smokers (n = 12, 13.6 ± 7.1) in both groups, but the differences were not significant ( p = 0.1669).
Although initial blood concentrations of total and LDL cholesterol levels were higher in the ingestion group than among control subjects, these decreased after consumption of the test drink (Tables 2 and 3) .
At 8 weeks, LDL cholesterol levels were significantly decreased ( p = 0.029), whereas total cholesterol levels also decreased, but this was not significant ( p = 0.072). In contrast, in the control group, total and LDL cholesterol levels were lower than in the ingestion group at base line, but this did not change during the study. Moreover, fasting glucose concentrations did not change significantly in either group.
The test drink did not affect kidney or liver function, and had no side effects during the trial ( 
Discussion
Comet assay scores in peripheral lymphocytes are considered an in vivo index of DNA damaging oxidative stress. However, only few studies show reduced comet assay scores with single or combined antioxidant treatments. In this study, comet assay scores were significantly reduced after 8 weeks of ingesting a test drink containing 3 different antioxidants. Furthermore, this reduction was sustained for 4 weeks after discontinuation (12 weeks follow-up).
In contrast, comet scores tended to increase in the control group over the course of the trial (Fig.1 ).
Lifestyle and antioxidant intake monitoring did not reveal any violations of the protocol, and no marked changes in drinking or smoking habits were found in either group during the trial period.
Although the delay in reduction of comet assay scores in the ingestion group is unexplained, we speculated that because the average life span of circulating lymphocytes is approximately 100 . 9 ± 30 . 0 a 99 . 6 ± 28 . 7 a 99 . 7 ± 38 . 0 106 . 9 ± 26 . 8 Fasting Glucose 9 3. 8 ± 8 . 0 9 3. 8 ± 8 . 2 9 1. 1 ± 7 . 3 9 5. 6 ± 9 . 0 LDL/HDL 1 . 85 ± 0 . 72 1 . 84 ± 0 . 93 1 . 90 ± 0 . 80 1 . 89 ± 0 . 73 Body weight (kg) 6 8. 4 ± 7 . 7 6 9. 8 ± 7 . 8 6 9. 5 ± 7 . 6 6 9. 3 ± 7 . 2 BMI 2 3. 5 ± 1 . 7 2 3. 5 ± 1 . 9 2 3. 4 ± 1 . 9 2 3. 4 ± 1 . 8
Data are presented as mean ± S.D. Statistical analysis between ingestion and non-ingestion groups was performed using analysis of valiance (ANOVA). a : p < 0.05. AST (IU/L) 2 0. 8 ± 5 . 1 2 2. 2 ± 5 . 6 2 2. 1 ± 6 . 9 2 0. 8 ± 7 . 7 ALT (IU/L) 2 0. 2 ± 6 . 6 2 2. 5 ± 8 . 5 2 4. 9 ± 11 . 0 2 1. 9 ± 5 . 8 ALP (IU/L) 191 . 4 ± 58 . 3 202 . 7 ± 72 . 7 190 . 6 ± 46 . 8 193 . 7 4 . 9 ± 0 . 3 5 . 0 ± 0 . 2 4 . 7 ± 0 . 5 5 . 0 ± 0 . 3 Glyco-Alb (%) 1 4. 2 ± 2 . 0 1 3. 9 ± 1 . 0 1 4. 2 ± 1 . 1 1 3. 8 ± 0 . 9 Oxi-LDL (U/mL) 6 . 6 ± 2 . 1 7 . 6 ± 2 . 3 6 . 7 ± 2 . 4 7 . 3 ± 1 . 9
Data are presented as mean ± S.D.
several weeks to a month, this reduction may be a result of the replacement time of circulating lymphocytes.
In agreement with a previous study (Yanai et al., 2008) Furthermore, the present trial indicated an additional advantageous effect on lipid metabolism. Due to higher concentrations of total and LDL cholesterol levels in the ingestion group at baseline (0 weeks), these were reduced by ingesting the antioxidant combination (Table 2) . When the ingestion group was divided into two groups (> 200 mg/dL total cholesterol, and > 120 mg/dL of LDL cholesterol, Table 5 ), differential analysis showed statistically significant reductions in both levels at 8 weeks.
On the other hand, groups with < 200 mg/dL of total and < 120 mg/ dL of LDL cholesterol levels were unchanged, as well as the noningestion group, throughout the trial. These results indicated that the antioxidant mixture reduces total and LDL cholesterol levels in subjects with elevated levels, but produces no effect on subjects with normal or lower levels.
As previously reported (Arad et al., 2005; Costabile et al., 2008) , ascorbic acid and ferulic acid alone or in combination with other compounds can reduce total cholesterol, LDL cholesterol, and triglyceride levels in serum. However, it is not clear whether Data are presented as mean ± S.D. The paired Student's t-test was used for comparisons between 0 weeks and each follow-up time point. a : p = 0.0029; b : p = 0.0039. these antioxidants or combinations specifically improved lipid metabolism by suppressing oxidative stress. In contrast, this study confirms that antioxidant combinations can normalize serum cholesterol levels accompanied by a reduction in oxidative DNA damage. However, the mechanisms and interactions of each antioxidant in lipid metabolism and in reducing comet assay scores remain unclear, thereby necessitating further studies that make direct comparisons of single antioxidants with antioxidant combinations.
The antioxidant mixture administered in this study had no adverse effects on liver, kidney, or pancreatic function (Table 4 ).
Together with demonstrating its safety, the results of this trial indicate that combinations of different types of naturally occurring antioxidants can protect DNA from oxidative ROS damage and may contribute to the maintenance of good health in middle-aged men. In next stage of human trials, we will confirm the benefit of antioxidant combinations by performing a randomized, double blind study that compares single and combination antioxidants in elderly subjects.
